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Abstract.  Phototropic stimulation induces a spatial mem- 
ory. This was inferred from experiments with maize (Zea 
mays L.) coleoptiles involving opposing blue-light pulses, 
separated by variable time intervals, and rotation on a 
horizontal clinostat (Nick and Schiller, 1988b, Planta 
175, 380-388). In those experiments, individual seedlings 
either curved towards the first or towards the second 
pulse, or they remained straight. Bending, if it occurred, 
seemed to be an all-or-none response. Intermediates, i.e. 
plants, bending only weakly, were not observed. In the 
first part of the present study it was attempted to create 
such intermediates. For this purpose the strength of the 
first, inducing, and the second, opposing, pulse was var- 
ied. The result was complex: (i) Individual seedlings 
maintained the all-or-none expression of spatial memory. 
(ii) However, on the level of the whole population, the 
time intervals at which a given response type dominated 
depended on the fluence ratio. (iii) Furthermore, the final 
curvature was determined by the fluence ratio. These 
results are discussed in terms of a blue-light-induced 
transverse polarity. This polarity initiates from a labile 
precursor, which can be reoriented by an opposing stimu- 
lation (indicated by the strong bending towards the 
second pulse). The strong curvatures towards the first 
pulse over long time intervals reveal that, eventually, the 
blue-light-induced transverse polarity becomes stabilised 
and thus immune to the counterpulse. In the second part 
of the study, the relation between phototropic transduc- 
tion and transverse polarity was characterised by a 
phenomenological approach involving the following 
points: (i) Sensory adaptation for induction of transverse 
polarity disappears with a time course similar to that for 
phototropic sensory adaptataion. (ii) The fluence- 
response for induction of transverse polarity is a satura- 
tion curve and not bell-shaped like the curve for photot- 
ropism. (iii) For strong counterpulses and long time 
intervals the clinostat-elicited nastic response (Nick and 
Sch/ifer 1989, Planta 179, 123-131) becomes manifest 
and causes an "aiming error" towards the caryopsis. (iv) 
Temperature-sensitivity of polarity induction was high in 
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the first 20 min after induction, then dropped sharply and 
rose again with the approach of polarity fixation. (v) 
Stimulus-summation experiments indicated that, for dif- 
ferent inducing fluences, the actual fixation of polarity 
happened at about 2 h after induction. These experi- 
ments point towards an early separation of the transduc- 
tion chains mediating phototropism and transverse po- 
larity, possibly before phototropic asymmetry is formed. 

Key words: Blue light (polarity induction) - Coleoptile - 
Phototropism - Polarity (transverse) - Signal transduc- 
tion - Zea (phototropism) 

Introduction 

Phototropic stimulation, in maize coleoptiles, evokes two 
distinct responses: (i) tropistic curving towards the stim- 
ulus, visible after a delay of 20-30 min (Iino 1988); and 
(ii) induction of a spatial memory emerging from a labile 
precursor after a lag of 80-90 min (Nick and Sch/ifer 
1988b). This was concluded from experiments involving 
a first, inducing blue-light pulse, and a second, opposing 
pulse of equal fluence at variable time intervals later. In 
order to exclude distortions caused by asymmetric grav- 
ity influences, the plants were kept on a horizontal clinos- 
tat. For short time intervals, under these conditions, a 
counterpulse was able to overwhelm the effects of the 
first, inducing pulse, yielding final curvatures of about 
150 ~ towards the second pulse. This change was assumed 
to mirror the lability of spatial memory in its early stage. 
If the time interval exceeded 90 min, however, the oppos- 
ing pulse produced only a transient bending response, 
which ceased after a while and was replaced by a renew- 
ed, strong orientation according to the first stimulation. 
The final curvatures (more than 90 ~ did not reveal any 
traces that a counterstimulation had taken place. This 
behaviour was accepted as evidence for the fixation of 
spatial memory. For time intervals during which the 
transition from lability towards stability was to be ex- 
pected, together with those two bending responses, a third 
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response type occurred,  where coleoptiles did not  bend 
in either direction. This was seen as " t ie-game" situation, 
where the con t rad ic to ry  effects initiated by the opposing 
stimuli supposedly  had  cancelled each other.  Apparent ly ,  
the spatial m e m o r y  was expressed in a discont inuous 
pattern, with individual seedlings choosing between either 
s t rong bending towards  the second or  towards  the first 
s t imulation,  or  no t  bending at all. The response o f  in- 
dividual seedlings did not  reveal intermediates o f  any 
kind, i.e. plants,  curving only weakly, were no t  found.  
Nevertheless,  it was possible to const ruct  a smooth ,  sig- 
moidal  curve, if the average final curvature  was plot ted 
against  the time interval elapsed between the pulses. 
F r o m  this curve the time, at  which the spatial m e m o r y  
became stable, was est imated to be 85 min. However ,  the 
s tandard  deviat ions in this t ransi t ional  range were exor- 
bitant.  By const ruct ing f requency distr ibutions o f  cur- 
vature  for  the different regions o f  the curve, the probabil-  
ity, by  which a given seedling chose one o f  the three 
responses described above,  was shown to depend on the 
time interval between the light pulses. Once the decision 
was taken,  however,  it was expressed as al l-or-none re- 
sponse. The large s tandard  deviat ions for  a time in te rva l  
o f  85 min resulted f rom the s imultaneous presence o f  all 
three response types. Fo r  shorter  time intervals s t rong 
bending  towards  the counterpulse,  for longer time inter- 
vals s t rong bending towards  the inducing pulse, domi-  
nated. A similar logical s i tuat ion was encountered when 
analysing the interact ion between pho to t rop i sm and the 
clinostat-elicited, dorsoventra l ,  nastic bending (Nick and 
Schfifer 1989), the inversion o f  gravi t ropism by symmet-  
ric i r radiat ion with blue light on  the cl inostat  (Sailer et 
al. 1990), and the interact ion between pho to -  and gravi- 
t ropical ly induced spatial memories  (Nick et al. 1990). 

F r o m  these studies, long- term effects o f  tropistic stim- 
ulat ion are concluded to be often al l -or-none phenom-  
ena. In such responses,  the individual decides between a 
few discrete outputs ,  a l though the stimulus occurs in a 
graded manner .  Hence,  the size o f  a given ou tpu t  does 
not  depend on the strength o f  induction.  However ,  the 
probabi l i ty  (actually, the frequency) by which that  out-  
put  is chosen is gradual ly  determined by the a m o u n t  o f  
the eliciting agent. It has been proposed  that  blue- 
l ight- induced spatial m e m o r y  mirrors  a stable transverse 
polarity (Nick and  Sch~ifer 1988b), and  this al l -or-none 
behaviour  was cited as suppor t ing  evidence. However ,  
hi therto,  bo th  st imulat ions were kept  cons tant  - fluences 
inducing maximal  first positive pho to t rop i sm were used 
th roughout .  It  might  therefore well be tha t  the invariant  
response o f  individual seedlings is the consequence o f  a 
cons tan t  input  level ra ther  than a real al l -or-none 
phenomenon .  By means  o f  f requency distributions o f  
final curva ture  we have tested whether  the al l-or-none 
behaviour  dur ing curvature  expression still holds if the 
input  level is varied. I f  this process is, indeed, a case o f  
polar i ty  induct ion  in sensu strictu, one should obtain  
quali tatively identical results if the fluences o f  inducing 
and testing pulses are varied. The problem can be con- 
densed into the quest ions:  Is spatial m e m o r y  per se an 
al l -or-none process or  is it possible to create graded 
ou tputs  o f  individual seedlings? Is it possible to induce 

"part ia l"  polarit ies? To answer these questions is the aim 
of  the present paper.  

Material and methods 

Plant material and light sources. Maize (Zea mays L. cv. 
BRIO42HT; Asgrow, Bruchsal, FRG, stored in the dark at 3 ~ C) 
seedlings were grown for experimental use as described elsewhere 
(Nick and Schafer 1988a, b). In brief, they were kept for 2 d under 
0.2 W �9 m -2 red light, so as to suppress mesocotyl growth and nuta- 
tions (Kunzelmann and Schfifer 1985), and then transferred to 
darkness until the beginning of the experiments. From stimulation 
onset until harvest, 1 d later, the whole experiment was performed 
in a red background illumination in order to avoid distortions 
caused by blue-light-induced phytochrome gradients (Hofmann 
and Sch~ifer 1987). Further details of light sources and measure- 
ments are given in Nick and Schfifer (1988a, b). 

Stimulation treatments. The plants were subjected to three types of 
experimental procedures, designated standard, stimulus-summa- 
tion, and temperature-sensitivity schedules. In the standard 
schedule, a blue-light pulse of variable fluence was administered 
unilaterally within the plane of the longer coleoptile cross-section. 
Then, seedlings were positioned onto a horizontal clinostat and 
rotated at 0.5 rpm, irradiated with a second pulse of variable fluence 
from the opposite direction after given time intervals, and eventu- 
ally returned to the clinostat where they remained until harvest (1 d 
after stimulation onset). Special care was taken to minimize un- 
controlled stimulation by gravity. Therefore, the glass vials contain- 
ing the seedlings were mounted on the already-moving clinostat, 
and irradiation time was restricted to 30 s. The short irradiation 
times had the additional advantage of excluding the influence of 
pigment desensitisation (Iino 1987). The gravity stimulus perceived 
during the application of the counterpulse (seedlings, because of 
induction by the first pulse, often already displayed phototropic 
bending), was certainly too small to account for the large effects 
described in this work. Moreover, the sensory and transductional 
adaptation experienced during the preceding clinostat treatment 
should have prevented any effective gravity perception (Pickard 
1972), a suggestion that was confirmed by control experiments (data 
not shown). For the stimulus-summation schedule, the second pulse 
was replaced by two pulses with an identical direction but half the 
fluence of the pulse they replaced. Again, the time interval between 
those "semi-pulses" was subject to variation. The temperature- 
sensitivity schedule included a cold period (5 ~ C or 15 ~ C) of vari- 
able length at variable time intervals after the first pulse. Except for 
this cold treatment, the experimental set-up was the same as for the 
standard an stimulus-summation schedules. 

Response evaluation. Twenty-four hours after stimulation onset, 
shoots were excised and curvature measured as described in Nick 
and Sch~ifer (1988a). Curvatures directed towards the first stimulus 
were defined as positive. In cases where seedlings showed "aiming 
errors" with a response direction deviating from the stimulation 
plane (the longer coleoptile cross-section), the response was addi- 
tionally specified by the bending azimuth. Curvatures towards the 
caryopsis were indicated by azimuths of 180 ~ positive bending 
within the stimulation plane by 90 ~ (Nick and Sch~ifer 1989). Time 
courses of stabilisation were constructed for a given pair of pulses 
by plotting mean final curvature versus the time interval elapsed 
between the pulses. Such plots comprise data from about 120-200 
plants, with each point representing the average of 6-16 seedlings. 
Bars indicate standard deviations. In order to test whether the 
all-or-none behaviour of curvature expression persisted for the 
negative, the intermediate, and the positive regions of these curves, 
frequency distributions of final curvature (classes of 20 ~ width) were 
established from an independent set of 50-90 seedlings. In the case 
of "aiming errors", the angular component parallel to the stimula- 
tion plane was additionally calculated (dashed curves in Fig. 8a). 
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Fig. 1. Stabilisation time course for different pairs of stimuli. Curve 
1: inducing pulse 1.9 gmol �9 m -z, opposing pulse 0.85 lamol �9 m -2. 
Curve 2: inducing pulse 0.85 lamol �9 m -2, opposing pulse 
1.9 gmol " m-2.  Maize plants were kept under saturating, symmet- 
ric red light (2.5 W �9 m -e) on a clinostat. Dotted line: final curva- 
ture for a time interval of 4 h (curve 1). Dashed line: the same for 
curve 2. Error bars indicate SDs. The ellipses depict the arrangement 
of stimuli with the smaller ellipse symbolising the coleoptile cross- 
section, and the larger ellipse denoting the position of the caryopsis. 
Positive values mean curving towards the inducing pulse 

Temperature sensitivity was characterised by the Qlo, estimated 
from the time shift between the stabilisation time course with cold 
treatment (5 ~ C or 15 ~ C) compared to the control (25 ~ C). 

Results  

Typical spatial-temporal pattern. Even for very different 
pairs of light pulses, the time course of stabilisation 
displays similar characteristics despite a shift in time 
(Fig. 1). Mean final curvature, plotted versus the time 
interval elapsed between the pulses, follows a sigmoidal 
curve. For short time intervals, values are negative, for 
long time intervals positive. The standard deviations in 
the midpoints of the curves are extraordinarily large. The 
reason for this is the three distinct subpopulations (Fig. 
2a-c), peaking at negative, zero, and positive curvatures, 
and separated by broad troughs. For each pair of stimu- 
lations, the position of these peaks is constant (Fig. 
2a-c, dotted and dashed lines). However, the size of the 
peaks depends on the time interval between inducing and 
opposing pulses: for short time intervals the dominating 
peak is negative (Fig. 2a), for long time: intervals it is 
positive (Fig. 2c). For intermediate time intervals, all 
three peaks are present (Fig. 2b). By averaging over these 
three subpopulations, very large standard deviations are 
obtained for the situation shown in Fig. 2b, i.e. for 
intermediate time intervals. Here, all three peaks are 
conspicuously manifest. A semilogarithmic plot of peak 
position versus fluence ratio (Fig. 3) follows a pair of 
parallel straight lines, which ascend, if the first pulse 
gains strength over the counterpulse, i,e. the stronger the 
first pulse, the stronger is the bending response of in- 
dividual seedlings towards the first pulse for long time 
intervals, and the weaker is the movement towards the 
counterpulse, for short time intervals. The difference 
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Fig. 2a-c. Frequency distribution of final curvature for the curves 
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2. a Negative region of the stabilisation time course (time intervals 
30 min and 75 min, respectively), b Transition range (time intervals 
50 and 110 min, respectively), e Positive region of the curve (time 
intervals 85 and 160 min, respectively). Positive values indicate cur- 
vature towards the inducing pulse. The dotted (curve 1) and dashed 
(curve 2) lines stress the position of the frequency peaks. For a given 
pair of stimuli they are constant; however, they differ between 
different pairs of stimuli 
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Fig. 3. Plot of the positions of the frequency peaks (defined as the 
vertical lines in Fig. 2) versus the logarithm of the fluence ratio 
(inducing and opposing pulse). Positive anoles stand for curvatures 
towards the inducing stimulus. Each point represents data from 70 
to 120 plants 

between positive and negative peaks amounts to 240 ~ 
and is apparently independent of the fluence ratio. For 
the interpretation of Fig. 3 see the first part of the Dis- 
cussion. 

Whereas qualitatively the all-or-none character of the 
spatial pattern remains unaffected by changes of stimula- 
tion strength (Fig. 2a-c), there is a quantitative depen- 
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Fig. 4. Stabilisation time course for a given inducing pulse of 
1.9 g m o l - m  -2 and variable counterpulses. For  the sake of clear- 
ness only the fitted curves are shown. Each curve represents data 
extracted from 120-200 plants 
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Fig. 5. Fluence-response curve for the ability of counterstimulation 
to reverse the spatial memory induced by a first pulse of 
1.9 gmol �9 m -2 (curve 1) or 0.85 gmol-  m -2 (curve 2). Each point 
mirrors one entire time-course of  stabilisation, i.e. the data from 
120-200 individual seedlings. The dotted and dashed lines give the 
saturation, as calculated from the curve fitting 

dence on fluence ratios of the final curvature (Fig. 3) and 
of the temporal pattern of the response (Fig. 1): the 
time-courses of stabilisation are shifted in time for dif- 
ferent pairs of stimulations, although maintaining their 
sigmoidal shape. If  the inducing pulse is kept constant, 
with the fluence of the opposing pulse raised, the time at 
which the negative runs into the positive branch of the 
curve (taken as a measure for the stabilisation time), is 
more and more delayed (Fig. 4). Additionally, in agree- 
ment with Fig. 3, the negative branch becomes more 
negative, the positive branch less positive. In order to an- 
alyse this behaviour in more detail, the stabilisation times 
(transitions from the negative to the positive branches of 
the curves) for two inducing pulses were plotted against 
the fluence of  the counterpulse (Fig. 5). This plot shows 
for how long a counterpulse, whose fluence is given on 
the abscissa, is able to reverse the spatial memory in- 

duced by the first pulse, i.e. it is the fluence-response 
curve for the reversion caused by the opposing light 
pulse. This relation can be described by a curve with a 
steep initial ascent and saturation for higher fluences. 
If the first pulse is optimal with regard to first positive 
phototropism, the curve levels off at about 100 min. For 
a suboptimal inducing pulse, however, saturation takes 
effect at about 120 min. Despite these differences in the 
saturation level, the counterpulse fluence at which this 
level is reached (about 2 gmol �9 m -2) appears to be fairly 
independent of the inducing fluence. A further increase 
of the counterpulse fluence does not improve the capabil- 
ity of the opposing pulse to reverse the spatial memory. 

The same data, however, read in a different way, relate 
the fluence of the counterpulse to the time up to which 
it is able to reverse the spatial memory. Whereas the 
spatial memory induced by a given first pulse escapes 
disruption by the opposing pulse early if the counterpulse 
is weak, for a stronger counterpulse it needs more time 
to do so. Thus, in addition, this kind of graph defines 
how stable the spatial memory has become at a given 
time point. Hence, stability is measured in terms of the 
counterpulse fluence which is necessary for the reversion 
of the spatial memory. For phototropically optimal stim- 
ulation this stability evolves faster than for suboptimal 
stimulation. However, in both cases there exists a thresh- 
old time at which the stability of the spatial memory 
grows steeply and, apparently, to irreversible levels. This 
time is reached earlier (at about 100 min) for optimal 
induction, whereas suboptimal induction needs about 
20 min longer. The curves of Fig. 5 indicate that spatial 
memory is irreversibly fixed at 100-120 min. Alternative- 
ly, they could be explained by a saturation of the counter- 
stimulus effect at 2 I.tmol �9 m-2. In order to discriminate 
between the two possibilities, stimulus-summation ex- 
periments were undertaken. 

Stimulus-summation experiments. A putative saturation 
of counterpulse effects, if situated in the early phase of 
the signal chain, might be circumvented by application 
of two strong counterpulses: as soon as the saturation 
produced by the firs counterpulse has faded away, it 
should be possible to trigger the same signal chain again 
by a second counterpulse. If  such a treatment were suc- 
cessful, the time limit for the reversion of spatial memory 
should be shifted beyond 100 min or 120 min. The time- 
course of stabilisation, thus obtained, turned out to be 
complex (Fig. 6a, b). The pattern for phototropically 
optimal stimulation was somewhat different from that for 
suboptimal stimulation. Therefore, by way of an exam- 
ple, the resulting curves are described for induction by 
1.9 gmol �9 m -2 (Fig. 6a) and 0.85 gmol �9 m -2 (Fig. 6b). 
If  an inducing pulse of 1.9 gmol �9 m -2 is followed 90 min 
later by a counterpulse of equal strength, final curvature 
follows the first stimulation (Fig. 6a, dashed line). If  the 
counterpulse is immediately afterwards supplemented by 
a pulse, equal in strength and direction, no effect of the 
second counterpulse upon final curvature can be detect- 
ed. If, however, the second counterpulse is given only 
105 min after induction (i.e. 15 min after the first coun- 
terpulse), the final curvature is smaller, and eventually 
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Fig. 6a, b. Time-course of stabilisation for phototropically optimal 
(a) and suboptimal (b) stimulation under the conditions of the 
stimulus-summation schedule, a Inducing pulse 1.9 lamol, m -2, 
first counterpulse 1.9 gmol .  m - 2  ( 9 0 m i n  after induction), 
second counterpulse 1.9 gmol �9 m - 2  at variable time intervals after 
the first counterpulse, b Inducing pulse 0.85 gmol �9 m 2, first coun- 
terpulse 0.85 gmol.  m -2 (65 min after induction), second counter- 
pulse 0.85 lamol �9 m-2  at variable time intervals after the first coun- 
terpulse. Dashed lines indicate final curvature obtained, if only the 
first counterpulse was applied. Positive values indicate curving to- 
wards the inducing pulse. Each point  represents the average from 
eight seedlings, error bars have to be read as standard deviations. 
The abscissa indicates the time interval elapsed after the induction 
by the first pulse. Arrows give the time of the first counterstimula- 
tion 

even slightly negative mean values occur (Fig. 6a). Ex- 
tending the time interval until the second counterpulse to 
more than 115 min after induction makes the curve rise 
anew and yield positive values (final curvatures towards 
the first, inducing, pulse). 

Except for the first 5 min, the pattern for an inducing 
pulse of 0.85 gmol �9 m -2 looks similar, but is shifted in 
time (Fig. 6b). If  the second counterpulse follows 
5-15 min after the first counterpulse, final curvatures are 
positive. They become negative for longer time intervals, 
but eventually rise again to positive values if the second 
counterpulse is given very late after the first. If  the second 
counterpulse follows the first immediately, the curvature 
is dominated by the counterstimulation, which is in con- 
trast to the situation of Fig. 6a. 

Thus, the counterpulses enhance each other, even for 
a situation where, according to Fig. 5, the first counter- 
pulse is supposed to be saturating. The time at which spa- 
tial memory is fixed seems to be later than 100-120 min: 
at a time when the spatial memory induced by the first 
given pulse appears to be stable against a given counter- 
stimulation it is, nevertheless, not irreversibly fixed. The 
data plotted in Fig. 5, therefore, mirror only apparent 
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fixation points. The final transition towards positive cur- 
vatures in the stimulus-summation experiments is cer- 
tainly the more accurate estimation for the actual fixa- 
tion of  spatial memory. This time, referred to as the 
actual fixation point, was determined for different com- 
binations of inducing and opposing pulses (Table 1). It 
was found to be around 2 h, irrespective of the inducing 
fluence. Whereas a phototropically optimal first pulse 
establishes a spatial memory considerably faster than 
a half-optimal pulse (Fig. 5b), the time at which this 
memory becomes irreversibly fixed (Table 1) appears to 
be more independent of the inducing fluence. 

Deviations f rom the standard spatial-temporal pattern. 
For very short time intervals, and for phototropically 
superoptimal counterpulses, conspicuous deviations 
from the standard spatiotemporal pattern (Figs. 1-4) 
resulted. When the counterpulse was applied immediate- 
ly after the inducing pulse, using the standard schedule 
(Fig. 7a), mean final curvature was close to zero. It then 
became negative for increasing time intervals, and reach- 
ed the values shown in Fig. 1 (Fig. 7a, dashed line) if the 
time interval exceeded 25 min. Again, the standard devia- 
tions in this region were very large, but they decreased 
as the final curvature approached its negative climax. A 
frequency-distribution plot for time intervals between 0 
and 20 min again revealed three peaks separated by 
broad troughs (Fig. 7b). The positions of the peaks 
corresponded to those found for longer time intervals 
(Fig. 2a-c, open bars). 

When the counterpulse was superoptimal with respect 
to first positive phototropism, a second deviation from 
the standard pattern was detected (Fig. 8a, b). For  short 
time intervals, a strong, negative curvature was observed, 
whereas plants curved towards the caryopsis for long 
time intervals. When the curvature component parallel 
to the stimulation plane was plotted (Fig. 8a, dashed 
curves) there was almost no difference from total cur- 
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Table 1. Actual and apparent fixation points for different pairs of 
stimulations. The apparent fixation point is defined as the time 
interval for which the counterpulse outweighs the inducing pulse. 
This time can be shifted if the counterpulse is complemented by a 

second pulse after certain time intervals. The equilibrium under 
these conditions occurs later, at a time which is supposed to be a 
better estimate for the actual fixation 

Inducing pulse First counterpulse: Second 
counterpulse (~tmol �9 m - 2 )  lamol �9 m -z given after ( ~ t m o l  - m - z )  

Apparent Actual fixation 
fixation (rain) 
(rain) 

1.9 1.9 90 min 1.9 85 120 
1.9 0.85 60 min 0.85 50 118 
0.85 0.85 65 min 0.85 60 117 
0.85 1.9 120 min 1.9 117 123 
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Fig. 8. a Stabilisation time-course for induction with 1.9 ~mol - m-2 
and phototropically superoptimal counterstimulation. Solid curves 
and filled symbols show total curvature, ignoring its orientation. 
Dashed curves and open symbols denote the curvature component 
parallel to the plane of stimulation. Opposing pulses 0.85, 3.8, and 
8.6 ~mol �9 m -2. Dashed line: total curvature after application of a 
counterpulse of 8.6 lamol �9 m-2 and omission of the inducing pulse. 
Arrow: final curvature after irradiation with 26.7 ~mol �9 m -2 from 
above instead of counterstimulation, 50 min after induction. 
b "Aiming error" of curvature for long time intervals after induc- 
tion with 1.9 ~tmol" m -2. 0 ~ means curvature within the stimula- 
tion plane, 90 ~ curvature towards the caryopsis (perpendicular to 
the stimulation plane). Each point comprises data from 40-60 plants. 
Solid line." "aiming error" for a counterpulse of 26.7 ktmol �9 m -2. 
The large arrows symbolise the curving direction for the respective 
curve ranges. Dashed line: fluence of the inducing pulse 

va tu r e  for  shor t  t ime intervals .  The  p lan t s  curved qui te  
precisely  t o w a r d s  the counte rpu lse .  F o r  long t ime inter-  
vals,  however ,  the curves  became  increas ingly  f lat ter  i f  
the  s t rength  o f  c o u n t e r s t i m u l a t i o n  rose. This  can  be 

O 
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Fig. 9. Temperature sensitivity of spatial memory following induc- 
tion with 1.9 lamol �9 m -2 blue light. Each point represents one sta- 
bilisation time course comprising data from 50-70 plants. The cold 
treatment lasted for 20 min starting with the time indicated on the 
abscissa. In the late part of the curve (beyond 90 min) the cold 
interval was reduced to 10 min 

ascr ibed  to the "a iming  e r ro r "  shown in Fig.  8b. The  
to ta l  cu rva tu re  as such r ema ined  unaffec ted  (Fig.  8a, 
sol id curves),  it  was s imply  d i sp laced  t ow a rds  the ca ryop -  
sis. F o r  very high counterpulse  fluences, coleopti les  curved 
t ow a rds  the caryops is ,  i.e. pe rpend i cu l a r  to the  s t imula-  
t ion plane.  I t  is r e m a r k a b l e  tha t  the curva tu res  in the  
negat ive  b r anch  o f  the  curve were much  larger  than  those  
tha t  the coun te r s t imu la t i on  cou ld  induce i f  it  was no t  
p receded  by  the induc ing  pulse (Fig.  8a, da shed  line). 
To pu t  this po in t  more  sharply ,  in one expe r imen t  the 
second  s t imula t ion  was rep laced  by  l ight  f rom above ,  i.e. 
s t imula t ion  wi thou t  a g rad ien t  (Fig.  8a, a r row) ,  which  
resul ted in a s t rong  negat ive  curvature .  In  o the r  words ,  
b lue  l ight  f rom above  could  reverse the effects el ici ted by  
the induc ing  pulse (see Discussion).  

Temperature dependency. The Q10 o f  m e m o r y  f o r m a t i o n  
was fo l lowed with  t ime for  a p h o t o t r o p i c a l l y  op t ima l  
induc ing  pulse and  equal  coun te r s t imula t ion .  W h e n  the 
co ld  t r ea tmen t  in te rvened  la ter  t han  90 min  af ter  induc-  
t ion,  the  coun te rpu l se  was suppor t ed ,  20 min  later ,  by a 
second coun te rpu l se  o f  equal  fluence (coun te rac t ing  the 
induc ing  pulse as well). This  va r i a t ion  o f  the s t imulus-  
s u m m a t i o n  schedule was in tended  to extend the pe r iod  
dur ing  which  m e m o r y  could  be reversed.  The  co ld  pe r iod  
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Table 2. Cold stability of spatial memory induced by 1.9 ktmol �9 m- 2 
of blue light and tested by a counterpulse of equal fluence 90 min 
after the first pulse. Positive values indicate bending towards the 
inducing pulse. The control consisted in applying the counterpulse 
90 min after the inducing pulse without cold treatment 

Start of cold (5 ~ C) duration Mean final curvature 
treatment (min) (min) (~ 

60 30 - 76.3• 16.8 
120 30 + 82.4+21.2 
120 240 + 97.84-19.2 
180 120 + 105.34- 27.2 
Control (no cold treatment) + 107.34- 19.9 

caused a delay of memory fixation, used to calculate the 
Q10 of memory formation at the time of the treatment. 
This time course of temperature sensitivity (Fig. 9) un- 
covered an early sensitive phase (values about 3) lasting 
until 20 min after induction. Around 40 min, values were 
low (about 1.5), indicating that relatively temperature- 
independent processes took place. Then, steadily rising 
values marked the onset of a further period of increasing 
sensitivity lasting until the end of the measurable period 
(2.5 at 110 min), close to the putative time of memory 
fixation. It should be mentioned that a cold treatment 
administered after the time of fixation could no longer 
destroy the memory - even if it lasted for up to 4 h (Ta- 
ble 2). 

Discussion 

No "partial" polarities, but 9raded precursors. It was not 
possible to induce intermediates between the three out- 
puts of individual seedlings (Figs. 2a-c). The plants main- 
tained their all-or-none behaviour: strong bending to- 
wards the first pulse for long time intervals, strong bending 
towards the second pulse for short intervals, and zero 
curvature for intermediate time intervals. The question 
raised at the end of the Introduction has to be answered 
negatively: there is no "partial" polarity, there are in- 
stead, ungraded, clearcut all-or-none decisions. How- 
ever, is the answer really as unequivocal as just pos- 
tulated? Certainly not; if Figs. 3 and 4 are taken into 
account a distinctly graded behaviour is apparent: (i) 
The time at which the memory attains stability against 
counterstimulation depends upon the strength of both 
the inducing and the opposing pulses (Figs. 1, 4, 5). (ii) 
The curvature a given plant expresses, once it has 
"chosen" one of the three possible outputs (bending to- 
wards the first pulse, bending towards the second pulse, 
or not bending at all), is not a constant, but determined 
by the ratio of the fluences involved (Fig. 3). It is felt that 
these, obviously graded, features of spatial memory are 
not in harmony with the statement that memory forma- 
tion is an all-or-none process. A solution of these con- 
tradictions is necessary. It requires, however, considering 
briefly some theoretical aspects of polarity induction. 

One fascinating feature of polarity induction, found 
in most cases investigated hitherto, is the existence of 

amplification mechanisms. They transform initial, small, 
graded asymmetries into steep clear gradients in an all- 
or-none like fashion (Gierer 1981). Models for such 
transformation processes must meet two preconditions: 
the extension of the output must be independent of that 
of the input, and the decision as to which of the possible 
outputs is selected must depend on the direction of the 
input. There are various mechanisms whereby such pat- 
terns can be attained, but the most fundamental and 
successful model so far is that postulated by Gierer 
(1981). The initial asymmetry (stemming from environ- 
mental or internal cues or random fluctuations) locally 
elicits autocatalytical processes. The latter exhibit long- 
distance lateral cross-inhibition either by diffusion of an 
actual inhibiting agent or by mutual competition for 
limited resources maintaining the autocatalytic process. 
In plants, such models have been successfully entertained 
for the description of thallus-rhizoid polarity in 
phaeophycean zygotes and pteridophytean spores 
(Weisenseel 1979), polarity of regenerating vessels in 
higher plants (Sachs 1984), and phyllotaxis (Green 1985). 
One would expect the early stages of such a process to 
be graded, whereas late steps should be characterised by 
an all-or-none behaviour independent of the strength of 
the incoming signal. One might expect the informational 
content of the system to diminish drastically during this 
process (Wiener 1963). It is not possible to reverse all-or- 
none processes without external sources of information. 
Thus, generally, for all-or-none processes, graded situa- 
tions should accompany the early states, whereas un- 
graded, all-or-none responses indicate final states. 

The curvature of an individual seedling is defined by 
two factors. Its direction is determined by all-or-none 
processes (Fig. 2a-c), possibly involving mechanisms 
such as those postulated by Gierer (1981). The degree to 
which the decision for curving becomes manifest, how- 
ever, is limited. This limitation is related in a graded 
manner to the ratio of fluences (Fig. 3). It must therefore 
depend upon the early steps of memory transduction, 
when the initial information has not yet been erased by 
extensive amplification processes. This implies a branch 
of signal transduction into a chain leading to the decision 
process itself, and a chain regulating to what extent this 
decision is expressed. This bifurcation will be discussed 
below in more detail. 

At this stage, the second of the contradictions (Fig. 
2a-c, Fig. 3) mentioned above, appears to be somewhat 
alleviated. Still, the graded dependence of stabilisation 
time upon fluence (Figs. 1, 4, 5) has to be reconciled with 
the concept of an all-or-none process. This scientific 
problem is very common and therefore worth a recon- 
sideration. In plants, such transitions from quantitative, 
graded inputs towards qualitative, ungraded outputs are 
well-known, for instance from studies of the dependence 
of germination rate upon phytochrome photoequilibri- 
um (Mohr 1972), of flowering upon daylength (Fuk- 
shansky 1981), or the orientation of thallus-rhizoid po- 
larity upon the fluence of the inducing blue light in 
pteridophytean spores and phaeophycean zygotes 
(Haupt 1957). In all these cases, although the individual 
response obeys an all-or-none behaviour (a seed either 
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germinates or it does not), it is possible to construct 
"smooth", graded curves, based on the whole population 
of organisms. Such curves represent probabilistic fea- 
tures of the individual process as means, thresholds or 
time dependencies. It is obvious that in dealing with such 
processes one must be aware of whether the logical con- 
cepts are extracted from population analysis or the ob- 
servation of individuals. The curves of Figs. 1 and 4 are, 
in fact, cumulative frequency distributions over time for 
the proportion of plants with an already stable memory. 
Instead of "mean final curvature" it would, in principal, 
be possible to rename the ordinate "percentage of plants, 
bending towards the first pulse". Nevertheless, the plot 
of mean final curvature makes sense because it is neces- 
sary for the estimation of stabilisation times plotted in 
Fig. 5. But one has to be conscious about the fact that 
the smooth curves mirror probabilities (strictly speaking, 
frequencies), and are not actually a graded expression of 
final curvature. Of course, there must be something 
which is responsible for the gradual increase of the 
memory-stabilisation frequency. Here again, the early 
steps of transduction come into play. In other words, the 
all-or-none step is certainly not placed earlier than about 
2 h after induction because until that time it is possible 
to describe the process by gradually rising curves (Fig. 5, 
6a, b). 

In conclusion, one can answer the question of "par- 
tial" polarities by the statement that, although individual 
seedlings display an unambigously ungraded polarity, 
there are graded precursors. The point at which those 
early gradients are transformed into the eventually ob- 
served all-or-none decision is most certainly not earlier 
than 2 h after induction. 

Relationship to phototropic transduction. Since the dis- 
cussion of Figs. 2 and 3 leads to the idea of split signal 
transduction, the question arises of where the two chains 
separate (Fig. 10). Of course, one has first to ask whether 
the two chains share common steps at all. Besides the fact 
that both appear to be triggered by blue light, supporting 
evidence can be extracted from Fig. 7a. The positive final 
curvatures obtained for very short time intervals in a 
fraction of the population are certainly not due to mem- 
ory fixation. Otherwise, there should be no negative 
curvature if time intervals increase. The easiest explana- 
tion is that the counterpulse has not been perceived 
properly owing to sensory adaptation of phototropic 
perception (Iino 1987). Sensory adaptation is inhomoge- 
nous over the population and this inhomogeneity is am- 
plified under the conditions of an all-or-none response, 
causing the observed large standard deviations. Never- 
theless, it is clear that the initial sensitivity is restored 
within 20 rain after stimulation. Then, as the negative 
curvatures show, the counterpulse is sensed normally, 
leading to a reversion of the labile early form of memory. 
Thus, Fig. 7a can be interpreted in terms of a de-adapta- 
tion time course for blue-light perception. This time 
course resembles that for phototropic de-adaptation (Ar- 
isz 1915; Briggs 1960; Meyer 1969; Iino 1987). Thus, it 
seems feasible to assume common perception of photot- 
ropic and memory transduction (Fig. 10). However, 
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\ ? 
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Confluence ~ Curvature Growth 
? 

\ / / 
Gravitropic 
Memory 

Fig. 10. Proposed relationship between transduction chains for 
phototropism, gravitropism, and polarity 

whereas phototropic transduction achieves its end point 
at about 20-30 min, when curvature becomes perceptible 
even to the naked eye, memory transduction needs much 
longer. Its final step, memory fixation, is reached not 
earlier than about 2 h after induction, as pointed out 
above. Experiments where curvature and memory tran- 
siently contradict each other (Nick and Schfifer 1988b) 
demonstrate that spatial memory is not simply an exten- 
sion of the phototropic response but must involve a 
parallel signal chain. In this context, Fig. 5 is interesting. 
It mirrors the fluence-response relationship for the coun- 
terpulse effect. This curve is clearly not bell-shaped, as is 
the fluence-response curve of first positive phototropism 
(Iino 1988; Nick and Schfifer 1988a). It is, instead, a 
saturation curve. The bell-shaped fluence-response curve 
of first positive phototropism is usually explained by the 
perception of the difference across the organ (Kunzel- 
mann et al. 1988). The fluence-response relation for the 
local light effects are supposed to be saturation curves. 
These curves are, of course, shifted by the blue-light 
absorption gradient over the organ cross-section. If such 
curves are subracted from each other, i.e. if phototropic 
asymmetry is established (Buder 1920), a bell-shaped 
curve results. Thus, the phototropic fluence-response 
curve mirrors the construction of phototropic asym- 
metry. If the signal chain mediating spatial memory 
branched off after formation of phototropic asymmetry, 
it should also show a bell-shaped fluence-response rela- 
tionship. The observed saturation curve (Fig. 5), how- 
ever, points towards early separation (Fig. 10). Analysis 
of the interaction between photo- and gravitropically 
induced spatial memories (Nick et al. 1990) demon- 
strated that the branching between tropism and memory 
is situated before the confluence of photo- and gravitrop- 
ic transduction (Fig. 10). For blue-light-induced memory 
this can be said more precisely: it must occur before 
formation of phototropic asymmetry. 

Cell versus organ polarity. Phototropic asymmetry has 
been shown to be a systemic polarity, resulting from 
integration of locally perceived stimuli (Buder 1920). As 
pointed out above, memory formation branches off be- 
fore this phototropic asymmetry evolves. The question 
arises of how the transverse polarity underlying the mem- 
ory phenomenon is produced. Is it also a trans-organ 
polarity, stemming from comparing individual cell re- 
sponses, or is it a cell polarity, as, for instance, appears 
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to be the case for gravitropic polarity (Nick et al. 1990)? 
In this context, Fig. 8a is worth a short discussion. It 
shows the pattern arising for phototropically superopti- 
mal counterstimulation. Here, for long time intervals, the 
bending towards the first light pulse increasingly deviates 
towards the caryopsis as the fluence of the counterpulse 
rises (Fig. 8a, b). This reveals an interaction with the 
clinostat-elicited nastic curvature (Nick and Sch/ifer 
1989). For phototropically optimal stimulation, nastic 
curvature is suppressed. If, however, the perceived 
amount of blue-light is phototropically superoptimal, 
this suppression looses its efficiency and the plants curve 
towards the caryopsis, producing the "aiming error" 
shown in Fig. 8b. More relevant to the question of polar- 
ity, however, is the behaviour for short time intervals, 
when plants curve towards the counterpulse (Fig, 8a). 
Here, there are two suprising observations: (i) the cur- 
vature is much larger than that the (phototropically 
superoptimal) counterpulse could induce, if given alone 
(Fig. 8a, dashed line); (ii) even a stimulus from above, if 
applied before the stabilisation point can evoke this 
strong negative bending (Fig. 8a, arrow). If the effect of 
the counterpulse were simple gradient addition, one 
should expect that different pulses, supposedly producing 
different gradients, should produce different outcomes. 
Apparently, the counterpulse does not necessarily have 
to be a gradient at all - even stimulation from above will 
do (Fig. 8a, arrow). The phototropically overoptimal 
counterstimulation, too, is expected to induce gradients 
which become smaller with increasing fluence. This be- 
comes evident from the smaller curvature they induce if 
administered alone (Fig. 8a, dashed line). It is possible, 
in principal, to cause inversion of the initial gradient with 
strong light (which can even be symmetrical) by simple 
addition of local effects. The curvature resulting from 
such an addition does not increase linearly, but follows 
an optimum dose-response relationship ("overstimula- 
tion"). Such "overstimulation" has been repeatedly 
found in blue-light responses (Franck 1951; Hild 1977; 
Nick and Sch/ifer 1988a, 1989) and might well explain 
how even stimulation from above could reverse the bend- 
ing towards the first pulse. However, Fig. 8a is much 
easier to understand if one assumes that the counterpulse 
actually reverses the effects elicited by the inducing pulse. 
Such an inversion has already been claimed, based on the 
fact that the curvature produced by the counterpulse 
given alone is consistently smaller than if it is preceded 
by the first pulse (Nick and Sch/ifer 1988b), although this 
first pulse is expected to outweigh the opposing pulse. 
Moreover, gravitropic curving has been reversed by a 
preceding blue-light pulse from above (Sailer et al. 1990). 
Inversion of a systemic polarity is difficult to imagine if 
one thinks about putative mechanisms. Inversion of cell 
polarity, instead, seems to be more likely. The example 
of gravitropic inversion by symmetrical blue light (Sailer 
et al. 1990) shows that, in fact, a response based upon cell 
polarity rather than systemic polarity can be reoriented 
by an action of light, which does not require a gradient. 
One could imagine, for instance, that individual cells 
perceive the counterpulse simply as a light-dark signal 
and respond by reorientation of their internal polarity. 

As soon as the counterpulse is saturating with respect to 
local light effects (Fig. 5), the resulting inverse gradient 
for short time intervals would be defined exclusively by 
the first stimulus, and become independent of the coun- 
terpulse gradient. This has been observed (Fig. 8a), thus 
favouring the assumption that the blue-light-elicited sta- 
ble transverse polarity is cell based. Nevertheless, con- 
clusive evidence cannot be extracted from these data, and 
it might well be that the question cannot be solved by 
mere phenomenology. However, defining the medium of 
transverse polarity (individual cells or whole organ) 
should become possible once cellular or subcellular mark- 
ers for this polarity are available. 
Establishment versus stabilisation o f  transverse polarity. 
The stimulus-summation experiments (Fig. 6a, b, Table 1) 
uncovered a discrepancy between the time, at which 
the memory escapes the counterpulse effect (apparent 
fixation point), and the actual fixation of spatial memory. 
Whereas apparent fixation was dependent upon the 
strength of the inducing stimulation (Fig. 5), actual fixa- 
tion took place at about 2 h, for both phototropically 
optimal or only suboptimal inducing fluences (Table 1). 
This contradiction can be solved. One has to take into 
account that the apparent fixation points do not give the 
time at which the effect, triggered by the counterpulse, 
actually interacts with the transverse polarity (induced by 
the first pulse). One can only conclude that such effects 
of a counterpulse, administered at this time, cannot reach 
the interaction site before fixation occurs. When they 
eventually arrive at this point, polarity fixation is already 
under way. It is difficult to estimate the time elapsing 
between counterstimulation and actual interaction with 
the transverse polarity. The stimulus-summation 
schedule was supposed to shorten this time as much as 
possible and, in fact, could prolong the period in which 
polarity was reversible to about 2 h after induction. The 
dependence of apparent fixation times upon inducing 
fluence mirrors how the labile precursor of transverse 
polarity emerges. This polarity establishment is faster if 
the inducing pulse is stronger. Independent of polarity 
establishment, actual fixation occurs at about 2 h after 
induction. Its fluence-dependence is apparently different, 
since differences in the velocity of polarity establishment 
are not mirrored by differences in actual fixation (Fig. 5, 
Table 1). How the signal chain for polarity fixation re- 
lates to polarity establishment cannot be clarified with 
the present state of knowledge. It is only possible to make 
a distinction between establishment and fixation of trans- 
verse polarity. The temperature-sensitivity experiments 
point in the same direction (Fig. 9): in the first 20 min 
after induction, temperature-sensitive processes prevail 
(one might speculate about production or activation of 
essential .factors); in the second, relatively temperature- 
insensitive phase, such factors might then be redistribut- 
ed in a diffusion-like process. From 40 min after induc- 
tion, this redistribution is accompanied by a second 
process, which is biochemical rather than merely physi- 
cal. Again, the limits of the merely phenomenological 
approach are apparent. It is not possible to decide wheth- 
er these changes in temperature-sensitivity belong to the 
establishment or to the fixation of transverse polarity. 
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Predictions about the underlyin 9 mechanism. The most 
straightforward model implies a gradient, the extent of 
which grows with time. The stronger the stimulation, the 
larger this gradient, the longer it takes for counteracting 
forces to reverse it. About 2 h after induction, this gra- 
dient is actually fixed (Table 1). Actual fixation is in- 
dependent of the induction strength and probably in- 
volves efficient amplification mechanisms. In fact, this 
might be the step where the inferred all-or-none process- 
es act. 

Thus, the following conditions have to be met by a 
cellular marker of transverse polarity." 
(i) It must involve an initially labile gradient. This gra- 
dient evolves with time and depends on the inducing 
fluence. A counterpulse can reverse this gradient for a 
certain time. The speed of this inversion is defined by the 
fluence ratio. In addition, the second pulse elicits the 
production of a factor essential for gradient establish- 
ment. 
(ii) The outcome of this gradient interaction, irrespective 
of whether the inversion is complete or not, is fixed 2 h 
after induction. Fixation involves amplification mecha- 
nisms such as those suggested by Gierer (1981) for polarity 
induction in general. The outcome is merely qualitative 
(reversion, fixed symmetry). These amplification mech- 
anisms evolve in parallel to gradient formation and in- 
teract with the latter 2 h after induction. Alternatively, 
they might follow gradient establishment and are trig- 
gered by a different signal chain, which needs 2 h for its 
completion. 
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